Abstract. Long-term incoherent scatter radar (ISR) observations are used to study ionospheric variability for two midlatitude sites, Millstone Hill and St. Santin. This work is based on our prior efforts which resulted in an empirical model system, ISR Ionospheric Model (ISRIM), of climatology (and now variability) of the ionosphere. We assume that the variability can be expressed in three terms, the background, solar activity and geomagnetic activity components, each of which is a function of local time, season and height. So the background variability is ascribed mostly to the day-to-day variability arising from non solar and geomagnetic activity sources.
quantify the ionospheric variability in electron density and plasma temperatures at midlatitudes. Many prior publications (see Bradley et al. (2004) and references therein) have pursued the representation of the variability in foF2, hmF2, and MUF. In particular, a simple empirical distribution of the observational data was used to fit to median, upper and lower decile values (see Bradley et al., 2004, and Wilkinson, 2004) . It has also been suggested that the upper and lower quartiles be used to avoid the uncertainty in the decile values in the tail of distribution (see Bilitza , 2003, and Radicella, 2003) .
As one of the most powerful ground-based instruments for probing the Earth's upper atmosphere, an incoherent scatter radar (ISR) directly measures the ionospheric electron density Ne, electron and ion temperatures Te and Ti, and line-of-sight ion velocity over a broad height range. Since the development of ISRs in the 1960's, long-term observational data sets have been accumulating for various ISR sites around the world (Zhang et al., 2005) . Long-term ISR observations provide an extremely valuable data source for addressing significant aspects of ionospheric climatology and variability. The advantages of using this data lie in the broad height range afforded by the radars and the variety of parameters it produces. The height variation of the ionospheric electron density variability allows for insight into the relative roles that chemistry and dynamical processes may play, and may provide some hints about its origin. Information on the plasma temperature variability, together with that for the electron density, is suggestive of changes in the coupling between the ions, electrons and neutrals. In summary, unlike other studies, this work pays attention to (1) various ionospheric parameters (not just electron density), (2) variations in a large height range (not just the F2-peak), and (3) two mid-latitude sites with similar geographic but different geomagnetic latitudes.
In the following sections, we first describe the technique used to quantify the local ionospheric variability in the IS-RIM system with analyses of uncertainty and data distribution. We then present results and discuss the local variability for Millstone Hill and St. Santin. Further discussion and a summary of this research are given in the last section.
Characterizing ISRIM local variability

Method
The ISRIM local climatology has been fully described in Paper I and is briefly summarized here. We take a two-step approach. First, the data for each ISR site considered are binned by month and local time. We select a number of height nodes and assume a linear change between two neighboring nodes (i.e., piecewise-linear function for height variation) in this first step of data binning. This change is defined by linear coefficients, and they are assumed to be linear in the solar activity index F10.7p and magnetic activity index 3-hourly ap, where F10.7p is the average between the daily F10.7 and its 81-day average and ap is for the previous 3 h. These coefficients for F10.7, ap and constant terms at each height node are determined through a least-square fit for each of the 12 months × 24 h bins. Then in the second step, they are further represented by a fully analytical basis function with harmonics for seasonal and local time changes, and a cubic B-spline to give twice-differentiable height variations.
F10.7 and ap are commonly used indices most appropriate for ionospheric and thermospheric modeling. In particular, from an ionospheric modeling study using F10.7, E10.7 and MgII indices based on long-term incoherent scatter radar observations over Millstone Hill, it is indicated that the longterm behavior of the three indices are identical in representing ionospheric variations, regardless of altitude, local time, and season (Zhang and Holt, 2002) . K p is a quasilogarithmic index of the 3-hourly range in magnetic activity. ap index is, however, on a linear scale. It seems to us that ap may be better suited to describe our linear assumption between the magnetic activity and ionospheric changes.
Our evaluation of the ionospheric variability is based on the difference (residual) between individual measurements and the corresponding climatological average. The average is provided by the ISRIM local climatology, and the measurements are those used for constructing the ISRIM local climatology. Here the ISRIM climatology and data were obtained from a specific site only; the regional ISRIM climatology, which was derived by combining observational data from various ISR sites as well as wide coverage experiments, is not involved. To calculate the ISRIM climatology, F10.7p, ap, day number of the year, local solar mean time and geodetic height corresponding to the measurement data are used. The difference is squared and goes into the same modeling system as used to produce the ISRIM climatology, i.e., 1) bin data according to local time and month, 2) represent the height variation by a piecewise-linear function, and represent the solar and magnetic dependence using a linear function with F10.7p and ap terms, i.e.,
where f is the normalized F10.7p and a the normalized ap, and c 1 and c 2 are linear constants), and 3) after the initial step of least squares fitting the linear coefficients, finally express the bin/node coefficients using a 3-D basis function with cubic B-splines and harmonics such that Eq. (1) becomes
Therefore, the ISRIM variability is coherent with ISRIM climatology in terms of the data source and technique used for handling the data; the ISRIM climatology deals with a specific physical parameter, while the ISRIM variability deals with the mean squared difference of a physical parameter from its climatology value. Our results to be discussed include the (absolute) variability, σ , defined as the square root of the mean squared difference values and the relative or percentage variability defined as the absolute variability divided by the climatology values.
Uncertainty analysis
As in the ISRIM climatology, the ISRIM variability for a given bin is expressed in three terms, a background term, a linear term for solar activity dependency and a linear term for magnetic activity dependence. Any non-linearities will contribute to the background term as second order effects. The background term, varying with different bins with specific local time, month, and height, arises mostly from the dayto-day ionospheric variability that is presumably not linearly associated with solar and magnetic activities. Due to the size of the bins, i.e., 1 h in local time, 3 months in season, and 25-50 km in height (in the region of 200-500 km that we are interested in), the variability within the bin also contributes to our results. Typically, for a given bin there are a few hundreds of data points for St. Santin, and a few thousands of data for Millstone Hill. We can estimate the ionospheric climatological change within this bin by using the ISRIM climatology. For intermediate solar activity and quiet magnetic activity conditions, at an altitude of 300 km over Millstone Hill, Ne changes 1-6% within 12±0.5 LT, being smallest in winter. For seasonal trends in 3 months, the Ne change can be as small as 5% in winter and up to 15-45% in equinox-summer transition periods when Ne passes through annual maximum and minimum. Ne changes in height can be somewhat more significant especially near the F2-peak. Therefore, it is important to have an approximate climatological model so that seasonal and altitude changes can be well reproduced. The use of the basis function to represent the variability change with season and height is also needed to properly interpret variations in the mean squared differences.
As the climatological values are used for the variability estimate, it is worth examining the uncertainty in the climatology values. Now we look at the standard deviation of the fitting that occurs in the first step to obtain bin coefficients in the constant, solar activity and magnetic activity terms (i.e., prior to being loaded into the final fit to the 3-D basis function, see Paper I). Figure 1 shows results of uncertainty in height versus month in the midday log 10 electron density [Nel,=log 10 (Ne, m −3 )] for Millstone Hill. The uncertainty is rather small, well below 0.1 log 10 (Ne) units which is the low limit of the absolute variability of Nel (to be discussed in the next section). The uncertainty is slightly larger below 200 km where relatively less amount of data is available. Te is more variable and its correlation with F10.7 and ap is less evident (Zhang et al., 2005) , however, the uncertainty in Te, even for St. Santin which has less amount of data available than Millstone Hill, are less than 40 • K (Fig. 2) , meanwhile, the absolute variability in Te (to be discussed below) is normally above 150 • K. The uncertainty in Ti (not shown) has an maximum of 15-20 • K, and are about 10-20 • K lower than the absolute variability.
Other than that from the climatological values, the uncertainty in the derived variability arises also from binning according to local time, season, and height and from fitting to the three terms. It is found that, for Millstone Hill data, such a uncertainty for midday is estimated as around 0.002-0.01 for Nel, 15-40 • K for Te, and 5-25 • K for Ti, corresponding to percentages of the background deviation of ≤5% for Nel and Ti and ≤10% for Te. The uncertainty is larger for St. Santin where less observational data are available. 
Distribution
The distribution of the data deviation from climatological values carries important information on the variability. With ap in a range of 0-30 but no limitation on F10.7, Fig. 3 gives the quiet time distribution of the Nel deviation Nel for three altitude ranges around noon in January. The distribution is normalized to the number of occurrence at the mean (climatological) value level. The horizontal axis is in the unit of standard deviation of Nel. We see the quiet time standard deviation ( ) of Nel, arising mostly from solar activity variability, is around 0.20 around noon. The majority of the deviation is within 2 [0.4 log 10 (Ne) unit]. At lower altitudes, 77% data are within ±1 , and that percentage decreases at higher altitudes, suggesting a higher degree of data spread. The distribution shape is approximately Gaussian though with longer tails, and at lower altitudes, the distribution is somewhat skewed toward more negative values. This perhaps is a result of the nonlinear dependency of the electron density on the F10.7 index (see Paper I and references therein). The F2-layer electron density tends to increase with F10.7 at a smaller rate for very large F10.7 values as compared to the rate for intermediate and low F10.7 values, therefore, if a linear relationship between Nel and F10.7 is assumed, Nel may be slightly overestimated for some conditions. Ion temperature is more symmetric (Fig. 4) . The standard deviation of the deviation Ti is between 130-170 • K, larger for higher altitudes. However, the percentage occurrence for the deviation within ±1 is slightly higher than that for Nel, and changes little with altitude. The standard deviation of the deviation Te is between 215-330 • K and increases with height. The percentage occurrence for Te within ±1 is around 70%, less than for Nel and Ti. The dependency of Te on solar activity is a complicated one. At midlatitudes, it is mostly anti-correlated with Ne for high solar activity. At low solar activity, however, it tends to be positively correlated to F10.7 (see .
Results: midlatitude variability
Our discussion will focus on midlatitude sites, Millstone Hill and St. Santin. It should be noted that with an invariant latitude of 53 • , Millstone Hill is closer to subauroral latitudes that differ from typical midlatitudes in terms of effects of electric fields and particle precipitation under the influence of magnetospheric processes. Variability changes with solar activity, season, local time, and height, however, this paper will not address local time variation but height, seasonal and solar activity variations for the midday. We note that the quality of ISR data and the data availability maximize near midday. As mentioned above, our variability σ for a given time, season and height is expressed in the form of Eq. (2), σ 2 =σ 2 b +k 1 ×f +k 2 ×a where k 1 and k 2 are linear constants and σ b is the background variability which is presumably independent of solar and magnetic activities (but with possible second order effects from them). We now examine various changes in σ b . The percentage variability is the absolute variability divided by the ISRIM climatology (i.e., σ b /mean). These results are shown in Figs. 6-8. From Fig. 6 for Nel, we can see following features:
-Variabilities for both sites are similar in the season versus height variation pattern as well as in the magnitude of the variability. The absolute variability σ b is 0.1-0.2 [or 25-58% in Ne, estimated based on δNel=log 10 Ne− log 10 Ne 0 =log 10 (Ne/Ne 0 )], and the percentage variability (σ b /Nel) is less than 2%; both variabilities are in phase.
-The variability below the F2-peak is lower than above the F2-peak; the variability tends to increase with height within the height range concerned in this study, 200-400 km;
-Clear annual variations of the variability can be identified with high values in spring and winter and low values in summer or earlier autumn. The lowest variability occurs around 225 km in summer.
Variations of the F2-layer electron density at mid-latitudes are controlled by chemical processes and dynamical processes which include contributions of diffusion, winds and electric field induced ion drifts. Photochemical and diffusion processes are associated with neutral atmospheric temperature and composition. These thermospheric changes are slow to settle and they are expected to have a low level of variability during quiet geomagnetic conditions, besides the regular climatological changes in local time, seasonal, and solar cycle, because the temporal and horizontal spatial scales of variations tend to be great (Rishbeth, 1998) , so they tend to keep the ionospheric electron density stable. Photoionization is strongest in the F1-region, and it decreases dramatically with height; the ions are recombined and lost in a time constant of about 30 min for around 250 km, and 60 min for 270-290 km at intermediate solar activity. Effects of dynamical processes for time scales shorter than this can be manifested, but longer time scale fluctuations are largely masked by the photochemical-diffusion determined variations.
In the topside, since the photochemical time constant is significantly long and the plasma diffusion time constant is significantly short, the electron density is controlled, to a large extend, by diffusion where the plasma scale height plays an important role. Any small fluctuations near the F2-peak can grow rapidly at the topside which is a few scale heights above the F2-peak. In summary, at low altitudes where photochemical influences are stronger and the dayto-day thermospheric temperature and composition are less variable, the variability is low; at high altitudes where scale height effects are significant, the variability is high. There are also clear seasonal variations in the variability. It is relatively high in equinox seasons probably because of the summer-winter transition of the thermosphere (Rishbeth and Mendillo, 2001) . It is also noted that the photochemical time constant in summer is much shorter than in winter so it takes much less time for the ions in the bottomside to reach their chemical balance. Figure 7 shows the variability for Te. We can see that the variability at both sites is around 150-400 • K for σ b , or 5-20% for σ b /Te. It increases markedly with height, especially in the topside. At Millstone Hill, the absolute and relative variabilities peak in spring and autumn, and minimize in summer. At St. Santin, the seasonal peaks in equinox do not show up, rather, there is a single minimum in the summerautumn period. In the bottomside, the variability tends to be smaller than in the topside over the entire year. A marked minimum appears to be formed in the percentage variability σ b /Te at 250 km or slightly below it in summer for the two sites. Figure 8 shows corresponding results for Ti. Variability patterns in the absolute value and in the percentage are similar. At Millstone Hill, the variability is around 110-180 • K or 10-20%. It tends to be highest around 200 km and lowest around 250 km, and increases above 250 km. It also exhibits peaks in equinox and a minimum in summer. As is well known, at about 220 km and below the ions and neutrals are in close thermal contact such that Ti approximates Tn; around 250 km Ti may be close to the exosphere temperature. Therefore, the ion temperature variability below 250 km should be very close to the neutral temperature variability, which is low for a mid-latitude site.
At St. Santin, however, variabilities are different from those at Millstone Hill, except for the common feature of the summertime minimum in the seasonal variation. The absolute and the relative variabilities in Ti (σ b and σ b /Ti) are only one half Millstone Hill values. They are not particularly high at lowest heights compared to Millstone Hill. Instead, there exist a striking spring maximum and a summer minimum from 200-400 km. The minimum variability at 250 km shown at Millstone Hill tends to be less clear, especially, in spring.
Some of the differences in the ion temperature variability between the two sites may be explained in terms of differences in magnetic latitudes. Ion temperature variability tends to increase with geomagnetic latitudes from mid-, subauroral to auroral latitudes. At Millstone Hill, for example, the friction heating due to ion-neutral collision can become large for conditions of high ion drifts/electric fields as a result of the auroral zone expansion or electric field penetration. Certain types of particle precipitation may take place as well to give rise to the enhanced ion temperature. These extra heating is more significant at low altitudes from the low F-region through the E-region. The higher background variability at 200 km for Millstone Hill may be resulted from these heating activities. 
Te: Millstone Hill
Solar activity induced variability
Next, we discuss effects of solar activity on the variability. Increased solar flux gives rise to enhanced photoionization, which normally has a maximum in the F1-region, and enhanced heating by photoelectrons. This also produces changes in the neutral atmosphere temperature and composition, therefore causing ionospheric effects. We now examine results of changing F10.7 by 50 units (δF10.7=50) from 135 (intermediate) to 185 (high) solar activity conditions. This is the F10.7 term in the variability formula (2), k 1 ×f . Note that, according to our definition, k 1 ×f can be either positive or negative. Figure 9 compares the relative change of climatological values with that of the variability. The relative change in the variability [δ(k 1 f )/σ b ] is the percentage of the change δ(k 1 f ) over the background variability σ b as discussed above. The relative change in the climatology δC/C b is the percentage of climatological change δC over the background climatology C b (The ISRIM climatology is also expressed in three terms: background, solar and magnetic activity components, in a similar fashion as in the ISRIM variability). As a result of F10.7 increasing by 50 units, the climatological Nel change increases with height for the two sites. In summer, the response is minimum at Millstone Hill. Since the annual minimum of Nel background climatological variation Nel b is in summer, the absolute climatological change δNel in summer should be minimum to make the percentage δ Nel/Nel b minimum. These Nel b and δNel minima are due to the effect of low O/N 2 which gives rise to the low F2-peak density, leading to low electron density in the entire F-region as a result of diffusion. effect which is longitudinally dependent (Rishbeth, 1998) . Nevertheless, when the solar activity turns from intermediate to high, the change of Nel is normally ≤4%. This may be within 10% for changes from solar minimum to maximum.
Changes of the variability δ(k 1 f )/σ b responding to the F10.7 increase are very different. Although the climatological change is less than 4%, the variability change can be comparable with the background variability. Below the F2-peak, especially in summer, the variability is negative (reduced); above the peak, the variability is positive (enhanced); near the peak, the percentage change of the variability is little. It is very interesting to note that for below the F2-peak, especially, around 230 km, the background variability is nearly cancelled at high solar activity so that the overall variability is very small. Figure 10 provides results arranged in the same fashion as in Fig. 9 but for electron temperature. An enhanced solar flux gives rise to more photoelectrons which heat the ambient electrons and ions at a rate proportional to the plasma density; meanwhile, the increased electron density due to the enhanced solar flux leads to an enhanced electron cooling rate through Coulomb collisions which is proportional to Ne 2 . The actual response of Te to a change in the solar flux is a result of these two competing processes, in addition to effects of heat conduction at high altitudes, and also depends on the level of background Ne. The climatological result at Millstone Hill is mostly a negative response of Te to the F10.7 increase (δF10.7=50), except for summer when background Ne is low and Te increases. At low altitudes, Te increases with F10.7 due to the strong influence of the neutral temperature. The variability δ(k 1 f ), however, tends to be negative to decrease the overall variability in general as a result of the F10.7 enhancement (positive only at high altitudes in summer). At Millstone Hill, the largest decrease appears to be around 250 km in summer, corresponding to that in Ne but with a lower altitude as shown in Fig. 9 . At St. Santin, the variability weakens near the F2-peak height. Therefore, near the F2-peak, the variability is small. In general the Te variability tends to decrease for conditions of high electron density (near the F2-peak or in winter and equinox), and increase for conditions of low electron density (in the topside or in summer).
Ion temperature normally has a simple linear correlation with the solar activity. The ions are heated by ambient electrons and cooled by neutrals. As shown in Fig. 11 , the percentage change in the climatology value over the climatological background as a result of the F10.7 increase by 50 units is generally uniform in its annual variation, being 10-20%, and is high around 275-350 km. The change of the variability δ(k 1 f )/σ b as a result of the F10.7 increase is largely negative for Millstone Hill, indicating the solar activity induced variability cancels the background variability to give the reduced overall variability. There is a slight increase in δ(k 1 f )/σ b in autumn; below 230 km, it is large in autumn. The variability in St. Santin exhibits a different behavior from Millstone Hill: the percentage change δ(k 1 f )/σ b is much larger, being over 80%. This is due to the larger values of δ(k 1 f ) (3-4 times the Millstone Hill values; figures not shown) and the smaller background variability σ b (see Fig. 8 in the broad height range up to 350 km, the solar flux induced variability increases, adding to the overall ion temperature variability. It seems that at Millstone Hill, the background variability is larger and the effects due to solar flux changes are more likely secondary. At St. Santin, the solar flux induced change enhances the overall variability and is very much comparable with the background one. In other words, the St. Santin Ti variability experiences stronger solar flux influence while the Millstone Hill Ti variability is largely caused by the background variability, which includes all those not directly dependent of solar and magnetic activities as the first order effect.
This difference in the relative contribution of solar activity effects to the overall variability in Ti may be also associated with the difference in electron density between the two sites. This is in addition to possible extra heating sources at subauroral latitudes which enter into the background variability as mentioned earlier. The upper panels of Fig. 11 indicates very similar responses of the Ti climatology to the F10.7 increase, not only in the general pattern but also in the quantitative sense. This is largely a result of the energy balance for the ions interacting with neutrals and electrons; in the F-region, in particular in the bottomeside of the ionosphere, Ti follows Tn closely. In terms of variability, however, it is much larger in Te than in Tn, so variability in Te contributes significantly to that in Ti. In fact, the efficiency of electron heating effects, which is proportional to Ne 2 , depends strongly on the level of electron density. Ne is lower at Millstone Hill than at St. Santin during most months of the year , and this difference increases with solar activity. Therefore, Ti is generally less sensitive to variability in Te at Millstone Hill than at St. Santin, and this situation is more evident under high solar activity conditions. 
Discussion and summary
Ionospheric climatology and variability studies are conducted using long-term incoherent scatter radar (ISR) observations from 7 sites around the world. These studies result in an empirical model system, ISR Ionospheric Model (ISRIM), which describes local and regional ionospheric climatology and variability of the ionosphere. This paper deals with the ionospheric variability in electron density, ion and electron temperatures at midlatitudes (Millstone Hill and St. Santin). The variability is defined as the deviation between data and ISRIM climatological values, or specifically, the square root of the mean squared datamodel difference. It is assumed that the squared difference can be expressed in terms of background, solar activity and magnetic activity contributions, each of which is local time, season and height dependent. We have discussed results of the background variability and the solar activity induced variability.
Our discussions are not directly associated with effects due to magnetic activity. Due to the relatively simple approach of representing magnetic activity effects, quantifying these effects is still a complicated and challenging issue, and we can not totally rule out their possible contamination of our results. It should be noted, however, the majority of our data, especially, for St. Santin, are from low and intermediate magnetic activities, and it seems unlikely that our results are seriously biased. Seasonal variations of the variability shown in studies on the maximum electron density N max by Rishbeth and Mendillo (2001) revealed, for subauroral sites, a weak annual variation with greater variability in winter than in summer, however, being masked by the double peaks in spring and autumn. The double peaks are obviously related to the magnetic activity, since they included data from both quiet and activity conditions. Their seasonal variability results are for daytime hours between 10:00-16:00 LT, therefore with large contributions from the local time change induced variability. They found no significant correspondence between the quiet day N max seasonal pattern and the variability. Our "background" variability for 12:00 LT shows clear annual variability that extends in a broad range of the F2-layer, and corresponds well with the electron density climatology for the annual variation.
We have taken a different approach to measure the ionospheric variability from Forbes (2000) who analyzed N max data to quantify various scales of the variability. They calculated mean N max values from linear regression with annual, semiannual, solar cycle and daily F10.7 terms (corresponding to our ISRIM climatology), and residuals from the mean determined with various number of regression terms are derived to demonstrate the relative importance of different source of variability. In our results, the background variability is presumed to be non solar activity and magnetic activity origin, such as meteorological processes. It is interesting to note that the variability of ionospheric parameters at Millstone Hill is reduced in the bottomside with increasing solar activity. Since we are not using daily F10.7 index but a compound one, F10.7p, with both short-term (daily) and long-term (3 month) contributions, the daily F10.7 induced variability are not fully considered, but this might be small. Both the case study by Rishbeth (1993) and the statistical study by Forbes (2000) revealed only a weak correlation between the N max variability and the day-to-day variability in the solar 10.7 cm flux.
In summary, our study indicates that the background variability shows clear differences between the bottomside and the topside and changes with season. In Ne, the variability appears to be low in the bottomside in summer, and high in the topside in winter and spring. In plasma temperatures, it increases with height, and reaches a minimum in summer. Ti variability has a marked maximum in spring; at Millstone Hill it is twice as high as at St. Santin. Examining the solar cycle effect, we find that for enhanced solar activity conditions, the variability in Ne is reduced in the bottomside of the ionosphere, and increased in the topside. For Te, the solar activity enhancement reduces the variability in seasons of high electron density (winter and equinox) at heights of high electron density (near the F2-peak). For Ti, however, while the variability tends to decrease at Millstone Hill (except for altitudes near 200 km), it increases at St. Santin with a high percentage for altitudes up to 350 km; the solar flux influence on the variability tends to be stronger at St. Santin than at Millstone Hill.
